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ULTRA-THIN SUPER HIGH FREQUENCY  
TWO-PORT ALN CONTOUR-MODE RESONATORS AND FILTERS 
 
M. Rinaldi*, C. Zuniga, C. Zuo and G. Piazza 
University of Pennsylvania, Philadelphia, Pennsylvania, USA 
 
ABSTRACT 
This paper reports on the demonstration of a new class 
of ultra-thin (250 nm thick) Super High Frequency (SHF) 
AlN piezoelectric two-port resonators and filters. A 
thickness field excitation scheme was employed to excite a 
higher order contour extensional mode of vibration in an 
AlN nano plate (250 nm thick) above 3 GHz and 
synthesize a 1.96 GHz narrow-bandwidth channel-select 
filter. The devices of this work are able to operate over a 
frequency range from 1.9 to 3.5 GHz and are employed to 
synthesize the highest frequency MEMS filter based on 
electrically self-coupled AlN contour-mode resonators.  
Very narrow bandwidth (∼ 0.35%) and high off-band 
rejection (∼ 35 dB) were achieved at an operating 
frequency of 1.96 GHz. This first prototype showed 
insertion loss of 11 dB, which can be improved to few dB 
if parasitic elements are eliminated or device capacitance 
is increased. 
 
KEYWORDS 
Resonators, MEMS filters, contour-mode resonators, 
aluminum nitride (AlN) film, Super High Frequency. 
 
INTRODUCTION 
In recent years the demand for single-chip multi-band 
RF solutions for advanced wireless communication 
systems has been growing steadily.  This dictates the need 
for compact, low cost and high performance RF 
components.  A very promising solution to synthesize 
integrated and high-performance RF filters is based on 
microelectromechanical (MEMS) resonators.  Different 
resonator technologies based on electrostatic [1,2] or 
piezoelectric [3] transduction have been investigated and 
among these, Aluminum Nitride (AlN) Contour-Mode 
MEMS resonator (CMR) [3] has emerged as one of the 
most promising in enabling the fabrication of multiple 
frequency and high performance resonators on the same 
silicon chip [3, 4].  This very important feature makes the 
CMR technology preferable to the conventional FBAR or 
quartz crystal technologies, for which only one frequency 
of operation can be achieved on a single silicon substrate.  
In addition, the reduced dimension of CMR devices and 
their potential integration with CMOS favor their 
employment, instead of cumbersome and unintegrable 
SAW devices, for the synthesis of next generation single-
chip RF front-ends.  
Nevertheless, the frequency of operation of CMR 
devices has been limited to the UHF range and the 
capability of this technology to provide for SHF RF 
devices has not been explored to date.  Operation in the 
SHF will open new opportunities for this technology for 
the demonstration of RF channel selectors for radar 
applications or their use in emerging wireless standards 
such as WiFi.  SHF one-port NEMS laterally-vibrating 
AlN resonators based on lateral field excitation (LFE) have 
been recently demonstrated by our group [5], but the 
absence of the bottom electrode (not necessary for LFE) 
prevented us from easily configuring the nano resonators 
as two-port networks, and hence from fabricating narrow 
band filters by cascading multiple stages.  
In this work, a thickness field excitation scheme (TFE) 
was employed to excite a higher order contour extensional 
mode of vibration in an AlN nano plate (250 nm thick) 
above 3 GHz.  Such a thin film is essential to guarantee 
operations at SHF with low motional resistance (180-
440 Ω) and a very compact form factor.  In fact scaling the 
film thickness to few hundred nanometers raises the device 
capacitance above the high frequency substrate parasitics, 
and reduces its footprint to a small area of approximately 
17x50 μm.  The thickness field excitation enables the use 
of the resonator as a two port device and attains values of 
the electromechanical coupling, kt2, of approximately 
1.8 %.  This value is at least 5 times higher than what 
previously demonstrated (∼ 0.3 %) by the same group for 
SHF LFE resonators [5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: SEM picture and equivalent electrical circuit (BVD) of 
a TFE 1.9 GHz AlN two-port CMR. The FEM simulation 
represents the mode of vibration of the resonator. 
 
Two port devices operating between 1.9 and 3.5 GHz 
were demonstrated and the highest frequency (1.96 GHz) 
MEMS filter based on self-coupled AlN controur-mode 
resonators [6] was synthesized by cascading two two-port 
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resonators.  Narrow bandwidth (∼ 0.35 %) and high off-
band rejection (∼ 35 dB) were demonstrated.  This first 
prototype showed insertion loss of 11 dB, which can be 
significantly improved if parasitic elements are eliminated 
or device capacitance is further increased. 
 
DESIGN 
High performance two-port AlN CMRs in the Very 
High Frequency (VHF)  range with quality factor between 
1,000 and 2,000 have been previously demonstrated [3,4].  
In this work, the device layout has been modified to 
overcome the fundamental transduction challenges 
associated with previously unexplored frequencies in the 
SHF range.  The device dimensions have been scaled both 
in the lateral and vertical directions and an unconventional 
aspect ratio (nW>L, Fig. 1) for the CMR has been 
introduced in order to achieve higher operating frequencies 
along with low values of motional impedance.  
 
SHF Two-port AlN Contour-Mode Resonator 
The SHF AlN resonator (Fig. 1) consists of a 250 nm 
thick AlN film sandwiched between a bottom Pt (50 nm) 
and a top Au (100 nm) electrodes.  The bottom Pt is a 
single electrode connected to electrical ground, while the 
top Au layer (chosen for its very low resistivity) is 
patterned in n parallel electrodes whose width varies 
between 0.5 and 1 μm depending upon the desired 
frequency of operation. 
 A number nin of the top Au electrodes are connected 
to form the input port and the remaining (nout) are used to 
form the output port.  When an AC signal is applied to the 
input port, the electric field across the thickness of the AlN 
causes an in plane deformation of the structure through the 
equivalent d31 piezoelectric coefficient and excites the 
resonator in a contour-extensional mode of vibration (TFE 
excitation scheme).  Because of the direct piezoelectric 
effect, charge is generated and collected by the sensing 
electrodes (output port).  The entire structure of Figure 1 
can be seen as a number, nin, of mechanically coupled sub-
resonators (of width W) forming the input port and a 
number, nout, of them forming the output port.  The 
resonance frequency of the whole structure can be 
lithographically set as expressed in equation (1): 
  
 
                             (1) 
 
where W is the width of each sub-resonator and Ep and ρ 
are respectively the equivalent Young’s modulus and 
density of AlN. 
As reported in [7] the described mechanical 
microstructure can be modeled through an equivalent 
Butterworth van Dyke (BVD) circuit (Fig. 1) where each 
electrical element can be expressed in terms of the 
geometrical dimensions and the material properties of the 
micromechanical structure itself (2): 
 
  
 
 
 
 
 
 
 
(2) 
 
where ε0 is the free space permittivity, ε33 the AlN 
permittivity; W, L and T are the width, length and 
thickness of each sub-resonator and Q is the resonator 
quality factor.    
According to (1), the width, W, of each sub-resonator 
has to be reduced in order to increase the device resonance 
frequency into the SHF band.  Nonetheless, (2) suggests 
that a reduction of W needs to be compensated by an 
increase in the nL/T ratio in order to keep the device 
impedance small and above the high frequency parasitics.  
It is important to note that an excessive increase in the 
device length (L) along with the scaling of its width (W) 
would cause an intolerable increase of the electrical 
resistance of the electrodes and consequently load the Q of 
the resonator.  Therefore, the scaling of CMR devices to 
frequencies above few GHz requires that the thickness of 
the AlN layer is reduced below 1 μm.  On the other hand, 
the degradation of the piezoelectric properties and film 
quality in thin AlN layers, due to misoriented grains at the 
electrode/piezoelectric interface region [8], needs to be 
taken into account.  
In this perspective, the thickness of the AlN film was 
scaled to 250 nm in order to design and fabricate CMR 
devices operating at frequencies well above 3 GHz.  
Furthermore, in collaboration with Tegal Corporation, the 
quality of sputtered deposited AlN thin films on Pt seed 
layer (bottom electrode) was optimized and attained 
rocking curve values as good as 2.1° (equivalent to what 
has been obtained in micron-size devices).  The width, W, 
of each sub-resonator was varied between 2 and 1 μm, to 
provide frequencies of operation between 1.9 and 3.5 GHz.  
The device length, L, was set to 17 μm. Additionally, in 
order to further reduce the resonator motional resistance 
the number nin and nout of sub-resonators at the input and 
output ports was varied between 12 and 24. This solution 
gives an unconventional aspect ratio (nW>L) for the 
overall AlN plate that forms the CMR device.  Despite 
this, device operation without spurious responses was 
preserved.  
 
1.96 GHz Narrow-band AlN CMR Filter  
The use of TFE permits to configure the CMR device 
as a two-port network to readily synthesize filters and 
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yields a value of the electromechanical coupling, kt2, at 
least 5X the ones previously reported [5] for SHF lateral 
field excited NEMS CMRs.  Thanks to this, two TFE 
devices were cascaded in series to form a narrow band 
filter operating at 1.96 GHz.  
The coupling technique is based on the use of the 
intrinsic capacitance of a two-port device and permits the 
definition of band pass filters by simply employing same 
frequency resonators [6].  This is different from 
conventional ladder configurations [9], which require two 
different frequency devices with an associated impact on 
filter yields.  
The equivalent electrical model of the two-stage AlN 
CMR filter is shown in Figure 2.  Since filter bandwidth, 
BW3dB, and insertion loss, IL, are directly related to the 
device kt2-Q product, it is convenient to explicitly express 
the dependence of the equivalent electrical components in 
(2) on kt2-Q (3). 
 
 
 
 
 
 
(3) 
 
Neglecting the parasitic components and assuming 
values of kt2-Q >> 1, the IL of the system can be expressed 
as in (4) and its bandwidth as in (5). 
 
 
(4) 
 
 
(5) 
 
It is important to note that the presence of parasitic 
components (Cp≈ Cp1+Cp2/2 and Rp, Fig. 2) reduces the 
effective kt2 of the filter and limits its value according to 
(6). 
 
(6) 
 
It is therefore clear that it is extremely important to 
maintain values of the device capacitance, C0, well above 
the parasitics when scaling the device to higher 
frequencies of operation.  This explains the need for ultra-
thin AlN films, which enable higher values of capacitance, 
C0, for a given device footprint.   
 
EXPERIMENTAL RESULTS 
The devices were fabricated combining optical and 
electron-beam lithography techniques.  A 4 mask post-
CMOS compatible fabrication process analogue to the one 
presented in [6] was employed.  
The fabricated devices were tested in an RF probe 
station and the scattering parameters were measured by an 
Agilent® N5230A Network Analyzer after performing a 
short-open-load-through (SOLT) calibration on a reference 
substrate.  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: SEM picture and equivalent electrical circuit of the 
1.96 GHz 2nd order filter based on electrically self-coupled AlN 
CMRs. 
 
The characteristic response of a 3.46 GHz two-port 
CMR is shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Measured electrical response and equivalent circuit 
model fitting of a fabricated 3.46 GHz AlN two-port CMR. 
 
The measured data were fitted to the circuit model 
shown in Figure 2 and the extracted equivalent parameters 
for this device and others operating at lower frequencies 
are reported in Table 1.  The data confirms that values of 
intrinsic electromechanical coupling, kt2, as high as 1.85 % 
were attained for the fabricated two-port TFE devices. 
Two of these two-port resonators were electrically 
cascaded to form a 2nd order filter operating at 1.96 GHz.  
The measured transmission (S21) of this device is shown in 
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Figure 4.  The response of the filter was fitted to the 
previously described circuit model (Fig. 2).  The extracted 
values of kt2 and Q along with the device performances are 
reported in Figure 4. 
 
Table 1: Electromechanical parameters extracted from the 
measured S parameters of the fabricated two-port AlN CMRs. 
Frequency of 
Operation kt
2 Q RM C0+Cp 
1.87 GHz 1.84% 387 440 Ω 303 fF 
3.04 GHz 1.5% 517 225 Ω 301 fF 
3.46 GHz 1.85% 501 180 Ω 318 fF 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Measured electrical response and equivalent circuit 
model fitting (before and after de-embedding) of a fabricated 
1.96 GHz 2nd order filter based on electrically self-coupled AlN 
CMRs. A 500 Ω termination was used for the measurement. 
 
It is important to note that the measured value of IL 
(~ 11 dB) is significantly affected by the parasitic 
components Cp and Rp.  In fact, as previously explained, 
the presence of parasitics reduces the effective value of the 
electromechanical coupling, kt,2eff, to approximately half 
(1.05%)  of the one intrinsic to the device (1.84%).  In 
order to simulate the de-embedded response of the filter 
(Fig. 4), the parasitic capacitance, Cp1, was measured by 
means of a de-embedding structure fabricated on the same 
silicon chip, and its value was subtracted to the fitted total 
input capacitance of the filter.   After removing all the 
parasitic components from the equivalent circuit of the 
filter, the de-embedded response (Fig. 4) shows a reduced 
value of IL of approximately 5.8 dB.  This same value of 
IL could be alternatively attained by making the device 
capacitance, C0, larger and dominant over the parasitic 
components.  Additionally, the parasitics can be further 
reduced by optimizing the configuration of the test pads.  
 
CONCLUSIONS 
 Design, fabrication and testing of two-port SHF 
contour-mode resonators based on thickness field 
excitation of ultra-thin (250 nm) AlN films have been 
demonstrated.  Values of electromechanical coupling, kt2, 
comparable to the ones reported for lower frequency 
devices (> 1.5 %), were achieved at frequencies of 
operation above 3 GHz. The capability of these devices to 
be employed for the fabrication of narrow band filters has 
been proven by the realization of the highest frequency 
(1.96 GHz) 2nd order filter based on electrically self-
coupled AlN contour-mode devices.  Future work aims at 
demonstrating even higher frequencies of operation and 
reducing the filter IL to few dB.  In this way, these devices 
can be effectively employed for radar communications or 
other emerging wireless standards. 
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